Michel Grégoire, Jessica Langlade, Guillaume Delpech, Céline Dantas, Georges Ceuleneer. Nature and evolution of the lithospheric mantle beneath the passive margin of East Oman: evidence from mantle xenoliths sampled by Cenozoic alkaline lavas. Lithos, Elsevier, 2009, 112 (3-4) Abstract: Cenozoic alkaline lavas from the Al Ashkharah area, facing the Indian ocean along the North-East Oman coastline, contain numerous small (‹ 2cm) mantle xenoliths. They provide a unique opportunity to investigate the nature and evolution of the upper mantle beneath the Oman passive margin, bordering the Owen Basin. All studied xenoliths are porphyroclastic to equigranular spinel lherzolites and harzburgites They are all devoid of amphibole and phlogopite. The composition of their clinopyroxenes, orthopyroxenes, olivines and spinels indicate that these samples are witnesses of a typical subcontinental lithospheric upper mantle and are quite distinct from the peridotites cropping out in the nearby Oman ophiolite. The clinopyroxene major element composition record an evolution from fertile lherzolites (Mg#: 89 and Al2O3: 7.5 wt%) to refractory harzburgites (Mg#: 93.5 and Al2O3: 2.5 wt%). The clinopyroxene of most samples are characterised by REE patterns evolving continuously from spoon-shaped to LREE-enriched with almost flat HREE spectra (LaN/YbN: 2.5-30; LaN/SmN: 3.2-24; SmN/YbN: 0.25-4.6; HoN/LuN : 0.88-1.15) and strong negative Ba, Nb, Zr, Hf and Ti anomalies. We propose that these geochemical fingerprints can be accounted for in the frame of a two stages;
Major and trace elements of minerals were analysed at the UMR 5563 (LMTG, 125 Observatoire Midi-Pyrénées) of University Paul Sabatier (Toulouse III). 126
Major-element compositions of minerals were determined with the CAMECA SX50 127 electron microprobe and a standard program: beam current of 20nA and acceleration 128 voltage of 15 kV, 10 to 30s/peak, 5-10s/background counting times, and natural and 129 synthetic minerals as standards. Nominal concentrations were subsequently 130 corrected using the PAP data reduction method (Pouchou and Pichoir, 1984) . The 131 theoretical lower detection limits are about 100 ppm (0,01%). 132
The concentrations of Rare Earth Elements and other trace elements (La, Ce, Pr, Nd, 133 Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, Lu, Rb, Ba, Th, Sr, Zr, Ti, Y, Ni, V and Sc) in 134 clinopyroxenes were analysed in situ on >120 mm thick polished sections with a 135
Perkin-Elmer Elan 6000 ICP-MS instrument coupled to a CETAC laser ablation 136 module that uses a 266 nm frequency-quadrupled Nd-YAG laser. The NIST 610 and 137 612 glass standards were used to calibrate relative element sensitivities for the 138 analyses. The analysis were normalized using CaO values determined by electron 139 microprobe. The analyses were performed on inter-clivage area from the cores of the 140 freshiest cpx grains in order to get homogeneous results unaffected by alteration or 141 exsolution processes. A beam diameter of 50-100 µm and a scanning rate of 20 µm/s 142 were used. The typical relative precision and accuracy for a laser analysis range from 143 1 to 10%. Typical theoretical detection limits range from 10 to 20 ppb for REE, Ba, 144
Rb, Th, Sr, Zr and Y; 100ppb for Sc and V; and 2 ppm for Ti and Ni (see in Dantas et 145
al., 2007 for more details). 146

Petrography
149
The lavas hosting the ultramafic xenoliths are microlitic basalts. The xenoliths being 150 small, < 2cm in size (Figure 2) , it has been difficult to define the rock-types 151 unambiguously. Nevertheless, wedistinguished two main rock types: (i) spinel 152 lherzolites (samples 04OM58a2, 04OM58a3, 04OM58c3, 04OM58f3, 04OM59b2, 153 04OM62b2, 04OM63c2, and 04OM66d2); and (ii) spinel harzburgites (samples 154 04OM58b1, 04OM62b1, 04OM63a1, 04OM63a2, 04OM63c1 and 04OM63c3). None 155 of the xenoliths display amphibole or phlogopite. All the peridotites correspond to 156 mantle peridotites equilibrated in the spinel stability field. Considering the small size 157 of the xenoliths, the following modal compositions are only indicative. 158
The peridotites are relatively fresh, the serpentinisation of the olivine and the 159 orthopyroxene being always limited. Some clinopyroxenes and particularly those 160 from sample 04OM62b2, show spongy textures commonly limited to the rim but 161 sometimes affecting the entire crystal. The formation of this type of texture is 162 probably related to local melting process affecting the clinopyroxenes during the 163 transport of the xenoliths to the surface by the host-lavas (e.g. Grégoire et al., 2000 , 164 Carpenter et al., 2002 . 165
Orthopyroxenes commonly contains thin lamellae of exsolved clinopyroxene. 166
The inverse phenomenon occurs but is less common. Orthopyroxene also contains 167 tiny inclusions of spinel. The cleavage in the pyroxenes from the sample 04OM63a1 168 and 04OM63a2 are clearly bent and sometimes the pyroxenes are fractured while 169 olivines display undulose extinction (Figure 2 ). Within those fractures some neoblasts 170 of clinopyroxene and orthopyroxene appear. This can be attributed to a deformationprocess undergone by the samples within the upper mantle (e.g. Mercier and 172 Nicolas, 1975) . 173
The lherzolites have porphyroclastic or equigranular textures. Their modal 174 compositions roughly range from 10 to 20% of clinopyroxene, 60 to 85% of olivine, 175 10 to 30% of orthopyroxene, and <10% of spinel. The olivine and pyroxenes 176 porphyroclasts can reach 4mm in size while the neoblasts are typically less than 0.5 177 mm in size. Spinel size ranges from a few microns to 1 mm. The spinels are 178 generally interstitial or in inclusion in olivine and clinopyroxene (Figure 2) . 179
The harzburgites commonly display porphyroclastic or equigranular textures and 180 more rarely a protogranular one. Their modal composition ranges from 55 to 70% of 181 olivine, 30 to 40% of orthopyroxene, and close to 5% of clinopyroxene and spinel. 182
The olivine and orthopyroxene porphyroclasts can reach 8 mm in size while the 183 neoblasts are always < 0.5 mm in size. Clinopyroxene is interstitial and commonly 184 less than 1-2 mm in size. Spinels commonly occur as tiny inclusions (<1 mm) in the 185 silicates or as vermicular interstitial slightly bigger crystals (1-2 mm Mg-number and Cr-number (100*Cr/Cr+Al) ranging from 70 to 80 and from 16 to 204 19.5, respectively. However, spinels of two samples are out of this Cr-number range. 205
The harzburgite 04OM62b1 and the lherzolite 04OM62b2 respectively contain a 206 more and a less chromiferous spinel (Cr# = 60 and 11.2), the former being also a 207 little bit less magnesian (Mg# =64.4). In a Cr-number vs. Mg-number diagram ( Figure  208 3), spinels plot in the field defined by spinels from the mantle peridotitic xenoliths 209 from Spitsbergen, which is also a continental rifting area (Ionov et al., 2002) . They 210 are also similar to the spinels of the Oman mantle xenoliths studied by Nasir et al. 
Clinopyroxene : 214
Major elements (Table 1 contents of most samples are relatively homogeneous, varying respectively from 0.3 220 to 1 wt% and from 0 to 0.2 wt%. However, the Cr 2 O 3 content (up to 1.6 wt%) of the The studied suite of mantle xenoliths included in the alkaline lavas from the Al 256
Ashkharah region in Oman is composed lherzolites and harzburgites last equilibrated 257 within the mantle spinel peridotite stability field. We estimate their temperatures of 258 equilibration within the spinel stability field by using the geothermometers of Wells 259 (1977) and Brey and Kohler (1990) , both based on the orthopyroxene/clinopyroxene 260 pair. Irrespective of the lithology (lherzolite and harzburgite), the temperature 261 estimates all range between 900 and 1150 °C using the calibration by Wells and 262 between 850 °C and 1160 °C (at P: 1.5 GPa) with that of Brey and Kohler. 263 The fact that we found only spinel harzburgites and lherzolites in the present 264 study appears to be a main difference with the study of Nasir et al. range from 2 to 8 % except for the harzburgites 04OM58b1 and 04OM62b1 that give 284 estimates of 13 and 19 %, respectively. (ii) Secondly, we compared the REE 285 contents of the clinopyroxenes with those computed using a model of fractional 286 melting for a primitive spinel-peridotite mantle source, based on the method 287 described by Johnson et al. (1990) (Figure 7 ). The starting composition and melting 288 modes are those given by Hellebrand et al., (2002) . In Figure 7 the REE from Dy to 289
Yb are in good agreement with the partial melting model. The estimated degrees of 290 melting using the HREE (Dy-Yb), which are the least subjected to metasomatism, 291 range from 1 to about 6 % ( Figure 7 ). This is with the exception of the harzburgite 292 04OM62b1, for which the partial melting modelling indicates inconsistent partial 293 melting degrees between 10% (for Er) and 15% (for Yb). This is not plausible if we 294 consider melting in the stability field of spinel because Er and Yb have very similar 295 partition coefficients, such as in the present model. The MREE and HREE contents 296 of the clinopyroxene in harzburgite 04OM62b1 could also indicate that the 297 clinopyroxenes in this xenolith were in equilibrium with garnet because of the higher 298 partition coefficients for HREE in garnet. Moreover, the LREE and MREE from La to 299
Gd do not match the partial melting modelling. The clinopyroxenes have LREE and 300 MREE that are more enriched than predicted from the partial melting modelling. 301
These enrichments in LREE and MREE most probably reflect processes that 302 occurred after the partial melting event (see below). Finally in the harzburgite 303 04M62b1 the best estimate of the partial melting degree is given by the Cr# of spinel 304 using the method of Hellebrand et al. (2002), i.e. a degree close to 19%. 305
In the other hand, beside the evidence for partial melting processes (see 306 above) the majority of the studied Oman spinel peridotite xenoliths display evidence 307 for mantle metasomatism. This is supported by the concomitant increase of the Na 308 Later, in a second stage, the melting residues have suffered a metasomatic event 337
leading to the re-enrichment in the most incompatible elements and LREE (±MREE) 338 of the clinopyroxenes in the lherzolites, but also of the MREE ± HREE in the 339 harzurgites, which are more sensitive to metasomatism. The metasomatic agent is 340 probably a carbonate-rich mafic silicate melt enriched in highly incompatible trace 341 elements and characterised by low abundances of Nb, Zr, Hf and Ti. Such 342 characteristics allow to propose the hypothesis of a link between this metasomatic 343 melt and the OIB-like tertiary alkaline melts of the same aera including the host lavas 344 of mantle xenoliths studied by Worthing and Wilde (2002) and Nasir et al. (2006) . 345 Normalization values are from McDonough and Sun (1995) . 583 OM66d2  04OM58f3  04OM58f3  04OM58f3  04OM58f3  04OM58f3  04OM58f3  04OM58f3  04OM58f3  04OM63c2  04OM63c2  04OM63c2  04OM63c2  04OM63c2  04OM63c2  04OM63c2  04OM62b2  04OM62b2  04OM62b2  04OM62b2  04OM62b2  04OM62b2  04OM58a2  04OM58a2  04OM58a2  04OM58a2  04OM58a2  04OM58a2 
